INTRODUCTION
One of the unifying features of small RNA biogenesis in different eukaryotic organisms is the presence of Dicersendonuclease enzymes with RNase III domains, which process small RNAs prior to their incorporation into downstream multicomponent RNA-induced silencing complexes (RISCs) (Hammond 2005; MacRae et al. 2006) . Unlike other eukaryotes, plants have significantly diversified their Dicer-mediated pathways. There are at least four functionally distinct Dicer-like (DCL) enzymes in flowering plants or angiosperms, and these produce three distinct size-classes of small RNAs Brodersen and Voinnet 2006; Margis et al. 2006 ). DCL1 produces highly conserved microRNAs (miRNAs) from stem-loop regions of long primary transcripts, and these RNAs are typically 21-nucleotides (nt) long (Jones-Rhoades et al. 2006) . The combined action of DCL2 and DCL4 produce short interfering RNAs (siRNAs) that are 21-22-nt long and are derived from either viral or endogenous loci (Brodersen and Voinnet 2006; Deleris et al. 2006) . Endogenous siRNAs are further subdivided into trans-acting siRNAs and natural antisense siRNAs, which control aspects of developmental timing and stress adaptation, respectively, in angiosperms (Borsani et al. 2005; Gasciolli et al. 2005) . Finally, DCL3 generates 24-nt RNAs (Hamilton et al. 2002; Xie et al. 2004 ). These RNAs mediate DNA and histone modifications of repetitive and transposable elements and are involved in the formation of heterochromatin (Chan et al. 2004; Matzke and Birchler 2005; Wassenegger 2005; Henderson et al. 2006; Henderson and Jacobsen 2007) . This RNA size class is particularly fascinating in that it exhibits a much higher sequence diversity than any other small RNA population in flowering plants (Lu et al. 2005; Rajagopalan et al. 2006 ). In the angiosperm Arabidopsis thaliana, at least 35,000 distinct 24-nt sequences are known to be produced, constituting z60% of its small RNA transcriptome (Lu et al. 2005 ).
To date, most of the research on RNA silencing in vascular plants has focused on model angiosperms, that is, the eudicot A. thaliana and the monocot Oryza sativa (rice). Yet, angiosperms only came to dominate the terrestrial floral diversity z150 million years ago (mya) (Schneider et al. 2004) , relatively recently considering the 480-million-year history of land plants (Kenrick and Crane 1997) . Two other major divisions of vascular plantsgymnosperms and pteridophytes-are still extant and have much longer evolutionary histories. Gymnosperms, which are ancestral to angiosperms (Kenrick and Crane 1997) , are the most ancient spermatophytes (seed-bearing plants) and, in contrast to angiosperms, produce seeds that are not protected by an ovary wall. Conifers, which include pines, spruces, and firs, radiated z260 mya from the other seed plants (Schneider et al. 2004) , and form the largest and most diverse group of the cone-bearing gymnosperms. The still more ancient pteridophytes are seedless plants, such as the clubmosses, ferns, and horsetails, which first appear in the fossil record z430 mya (Kenrick and Crane 1997; Schneider et al. 2004) .
To investigate the conservation of small RNA-generating machinery across vascular plants, we conducted a survey of small RNA expression profiles in the seed-bearing and seedless plants. We studied the length distribution and the presence of terminal modifications on small RNAs extracted from representatives of pteridophytes, gymnosperms, and flowering plants, including an ancient angiosperm, Nymphaea sp. or water lily (Schneider et al. 2004) . Biochemical experiments and sequencing results that we describe here revealed that conifers produce an extremely diverse population of 21-nt RNAs and show no detectable levels of 24-nt RNAs, which are known to direct chromatin modifications in angiosperms (Hamilton et al. 2002; Xie et al. 2004; Matzke and Birchler 2005; Wassenegger 2005 ). This unique small RNA distribution correlates with the presence of a new DCL family that we found by performing extensive conifer EST searches, and the apparent absence of DCL3, which plays an important role in transcriptional gene silencing in angiosperms (Chan et al. 2004; Henderson et al. 2006) .
RESULTS AND DISCUSSION
We analyzed small RNA size profiles from 24 vascular plant species ( Fig. 1 (PNK) , and resolved on a denaturing polyacrylamide gel. As expected, within the angiosperms, the monocots (Fig. 1, lanes 17-19) and the eudicots (Fig. 1, lanes 20-24) strongly expressed 24-nt populations of small RNAs and relatively modest levels of 21-22-nt small RNAs. In contrast, the majority of sampled gymnosperms (Fig. 1, lanes 6-15) expressed predominantly 21-nt small RNAs. In fact, all seven conifers (Fig. 1, lanes 6-12) lacked detectable 24-nt RNA bands. Intriguingly, vascular plants that precede spermatophytes in evolution, such as ferns, appear to be very similar in their small RNA size profiles to primitive angiosperms such as Nymphaea caerulea in that they produce both 24-nt and 21-22-nt size classes of small RNA (Fig. 1, cf . ferns in lanes 4,5 and N. caerulea in lane 16). This suggests that small RNAs undergo atypical processing in gymnosperms, specifically in the conifers. Given that the more anciently divergent pteridophytes produce 24-nt small RNAs, it appears that conifers may have lost their ability to produce this size class of RNA.
To confirm the size distribution of small RNAs inferred from our biochemical data, we performed an extensive sampling of small RNA sequences from the conifer Pinus contorta (lodgepole pine) and a lighter sampling from the previously studied monocot O. sativa. Small RNAs 15-nt to 30-nt long were extracted from growing pine needle tips and from young rice leaves and subjected to high-throughput 454 pyrosequencing (Morin et al. 2008 ). Altogether we obtained 130,998 small RNA sequences from P. contorta and 11,329 from O. sativa, of which 58,466 and 8615 were unique, respectively. To identify the potential genomic sources of O. sativa small RNAs, all sequences were aligned to the rice genome using Megablast, forcing a full-length alignment with no mismatches. Since no gymnosperm genome has ever been sequenced, P. contorta small RNAs were aligned to Pinus taeda ESTs and cDNAs currently available in GenBank. This data set is accessible at ftp:// ftp03.bcgsc.ca/public/pine_rice_smRNA/, and the bioinformatics analysis is discussed in greater detail in Morin et al. (2008) . Figure 2 shows the size distribution of small RNAs from P. contorta and O. sativa. Consistent with our polyacrylamide gel analysis, O. sativa had nearly twice as many 24-nt RNAs as 21-nt RNAs ( Fig. 2A) , exemplifying the presence of a DCL3-mediated pathway in angiosperms. The 21-nt population contained many known miRNAs, whereas the 24-nt population was dominated by sequences from genomic repeats and intergenic regions (Morin et al. 2008) . In contrast to O. sativa, the majority of small RNAs from P. contorta were 21-nt long (55%) (Fig. 2B) . A marked bias toward 21-nt sequences starting with a U was observed, which may be biologically significant (see Supplemental Table 2 ). The fraction of 24-nt RNAs was very small (2.6%) and had a lower diversity than the same size class in O. sativa. The dominant 21-nt class exhibited very high sequence diversity-out of 72,045 P. contorta sequences that were 21-nt long, 29,920 unique sequences were found (42% of the total 21-nt population). Furthermore, this size class was much more diverse in P. contorta than in O. sativa, suggesting that a diversification of the 21-nt-RNA-producing pathways has occurred in conifers.
A small fraction (0.3%) of the P. contorta sequence library was identified as highly conserved miRNAs previously identified in angiosperms ( Fig. 2C ; Jones-Rhoades et al. 2006) , and their frequency by size is shown in Figure  2D . The majority of miRNAs from P. contorta fall in the 21-nt size range, which corresponds well to the size distribution of miRNAs observed in O. sativa. Furthermore, we discovered many novel putative miRNAs in P. contorta using EST folding and machine learning approaches (Morin et al. 2008) , which indicates that the rapid evolution of miRNAs that is well documented in angiosperms (Rajagopalan et al. 2006 ) also occurs in conifers. The presence of many previously identified miRNAs in conifers is consistent with the high conservation of miRNA biogenesis and processing pathways across the land plants (Axtell et al. 2007) . As the identified miRNAs comprised only a small fraction of the 21-nt RNA population in P. contorta, it is tempting to propose that the remaining 21-nt RNAs in conifers may substitute for the missing 24-nt class that mediates chromatin modification in angiosperms.
Since small RNAs are known to be terminally methylated by HEN1 in angiosperms (Ebhardt et al. 2005; Yu et al. 2005) and are terminally modified in the nonvascular moss Physcomitrella patens (Axtell et al. 2007 ), we tested selected angiosperm, gymnosperm, and fern samples for the presence of 39 modifications using periodate-mediated belimination of the terminal nucleoside. When both 29-and 39-hydroxyls are unmodified, these groups are oxidized by periodate to form an unstable dialdehyde, resulting in belimination of the terminal nucleoside upon heating and an z2-nt downward shift in electrophoretic mobility (Yu et al. 2005) . Small RNAs from a pteridophyte, conifer, and angiosperm were significantly resistant to periodate cleavage (Fig. 3) , indicating that small RNAs from each sample were modified on either the 29-or the 39-hydroxyl. Given that small RNAs from P. contorta were also substrates for T4 RNA ligase-an enzyme that requires a free terminal 39-hydroxyl group-during preparation for sequencing (see Materials and Methods), our results strongly suggest that a post-transcriptional process modifies small RNAs on the terminal 29-hydroxyl group of this gymnosperm. Together with the periodate resistance observed for the pteridophyte sample and the nonvascular P. patens (Axtell et al. 2007 ), this evidence indicates that the terminal modification of small RNAs is likely to be a conserved aspect of RNA silencing in land plants that is not sensitive to size-dependent changes in RNA processing.
As DCL enzymes are involved in the production of small RNAs and are important determinants of small RNA size (MacRae et al. 2006 ; MacRae and Doudna 2007), we proceeded to identify candidate DCL genes in conifers. Figure  4A shows the linear organization of an angiosperm Dicer protein that contains DexD-helicase, helicase-C, Duf283, PAZ, RNase III, and double-stranded RNA-binding (dsRBD) domains (Margis et al. 2006) . Helicase domains are found toward the N-terminal region of the protein. Duf283 is a domain of unknown function, which is strongly conserved among plant DCLs and is thought to contain a doublestranded RNA-binding fold (Dlakic 2006) . There are always two RNAse III domains, which together with the PAZ domain are crucial for specific recognition and cleavage of dsRNA precursors. The dsRBD is generally thought to mediate nonspecific interactions with dsRNA (Margis et al. 2006; MacRae and Doudna 2007) . Given that no gymnosperm genome has ever been sequenced, we searched Pinus taeda and Picea spp. EST libraries (z367,000 reads; see Materials and Methods) for putative conifer DCLs using four known Dicer nucleotide sequences from A. thaliana (Xie et al. 2005; Margis et al. 2006) . ESTs obtained through similarity searches were translated into amino acid sequences using the ExPASy translate tool (see Materials and Methods), and the sequences with the longest open reading frames were used for further analysis. We identified four P. taeda and three Picea sp. ESTs with high-quality alignments (>35% similarity on the amino acid level) that were orthologous to the C-terminal region of A. thaliana DCLs and that spanned the C-terminal region of the second RNase III domain and the dsRBD found in the DCLs of flowering plants (Fig. 4A) . A multiple sequence alignment was made with these predicted protein sequences and the corresponding region from each of the four A. thaliana, six O. sativa DCLs (Xie et al. 2005; Margis et al. 2006) , and two predicted DCL protein sequences from the angiosperm Medicago truncatula. Figure 4B shows the most conserved region (90 amino acids long) of the alignment. Eleven residues are absolutely conserved in this region (Fig. 4B , marked with asterisks). Four of the seven conifer sequences (Fig 4B, bottom of alignment) shared an additional distinctive set of conserved residues (i.e., residues 96, 120, FIGURE 3. Sodium periodate treatment of small RNAs from Cyrtomium sp. (fern), P. contorta (lodgepole pine), and Brassica oleracea (cauliflower). Only if both the 29-and 39-hydroxyl groups are unmodified will b-elimination of the terminal nucleoside take place, resulting in an z2-nt increase in electrophoretic mobility. Small RNAs in the 21-24-nt range for all three plant samples were highly resistant to the sodium periodate treatment, as exemplified by the comigration of small RNA bands in the À and + periodate lanes. A synthetic 11-nt RNA 59-end-labeled with 32 P was added as an internal positive control (lower band) to all RNA extracts before chemical treatment to confirm the efficient periodate-mediated elimination of the terminal nucleoside from unmodified RNA. The size marker on the left is 24-nt long, the marker on the right is 21-nt long.
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133, 155, 158, 172, and 181) that were not commonly found in the other DCL sequences used to construct the alignment. Considering that these residues lie in a region of high overall sequence conservation, their distinctiveness suggests that the corresponding proteins are divergent from the established DCL families found in angiosperms. Unfortunately, since ESTs span only the C-terminal protein regions, we were not able to find any ESTs homologous sativa have a total of eight domains with the following exceptions: DCL2 lacks second dsRBD; DCL3 lacks Duf283 (Margis et al. 2006) . (B) Amino acid sequences corresponding to seven DCL-like ESTs from P. taeda and Picea spp., and the C-terminal regions from four A. thaliana Dicers, six O. sativa Dicers, and two predicted Dicers from M. truncatula were aligned using ClustalX and default parameters. Only the alignment of the region exhibiting the highest sequence conservation is shown (90 amino acids). This region is predicted to correspond to the end of the second RNase III domain and to part of the dsRBD. Color code for amino acid residues: (orange) GPST; (red) HKR; (blue) FWY; (green) ILMV. Bars below the alignment indicate prevalence of the most common amino acid residue at each position, with the highest bar corresponding to 100% conservation. (C) Phylogenetic tree of Dicers in the seed-bearing plants generated from the alignment in B. Positions with gaps were excluded during tree building.
Conifers have a unique small RNA profile www.rnajournal.org 5 to other Dicer domains toward the N terminus of the protein (e.g., PAZ, DexD-helicase).
The alignment shown in Figure 4B was used to generate the most likely phylogenetic tree of Dicers in the seedbearing plants (Fig. 4C , based on 1000 rounds of bootstrapping). One conifer EST (DR160292, P. taeda) aligned very well with the angiosperm DCL1, which together with the presence of highly conserved miRNAs in P. contorta provides compelling evidence for the conservation of miRNA-generating pathways between conifers and angiosperms (Fig. 2C) . Orthologs for angiosperm DCL2 (TC19075, Picea sitchensis) and DCL4 (DR742056, Pinus taeda) were also found. While we have no direct experimental evidence for the function of DCL2 and DCL4 in conifers, their sequence conservation with the corresponding Dicers in angiosperms suggests that they play a similar role. The remaining four conifer ESTs formed a new DCL family that is distinct from any known angiosperm DCL family, but is most similar to DCL1. Although the role of this new family is unknown, we hypothesize that this family is responsible for production of the diverse set of 21-nt small RNAs that are so highly expressed in conifers. Interestingly, the most similar sequences in this new family are from different species (DR563234, Picea glauca and CO168838, P. taeda) suggesting a conserved functionality unique to these two proteins. Finally, no evidence for ESTs containing a DCL3-like coding region was found in any of the conifer libraries screened.
It is believed that all DCL genes derive from a single parental gene and that the expansion of this family occurred in plants prior to the divergence of monocots from eudicots (z200 mya) (Cerutti and Casas-Mollano 2006; Margis et al. 2006) . The survey that we have performed places the DCL gene family expansion prior to the angiosperm-gymnosperm radiation (z300 mya) (Schneider et al. 2004 ) and suggests that RNA silencing in conifers has been subjected to a unique set of selective pressures relative to other land plants. While we provide strong evidence for the conservation of the DCL1-mediated RNA processing and weaker support for that of DCL2 and DCL4, conifers appear to be distinct in that they seemingly lack DCL3 and express a new DCL family not found in angiosperms. These differences between gymnosperms and angiosperms are intriguing from an evolutionary point of view. Since we found neither the DCL3-produced 24-nt RNA class, nor a DCL3-like EST in conifers, DCL3 could have either been lost or its expression could have been severely reduced in these plants. The presence of the DCL3 pathway in more ancient lineages of land plants is consistent with the 24-nt RNA expression observed in ferns (Fig.  1, lanes 4,5) , combined with recent data that suggest that the anciently divergent moss P. patens possesses a gene orthologous to the angiosperm DCL3 (Axtell et al. 2007) . In this case, the DCL3 pathway appears to be truly ancient and presumably evolved prior to the radiation of the seedbearing plants.
Both DCL3 and 24-nt RNAs are key players in siRNAdirected DNA methylation and heterochromatin formation in flowering plants (Chan et al. 2004; Matzke and Birchler 2005; Wassenegger 2005; Henderson and Jacobsen 2007) . If this pathway was lost from the gymnosperm/conifer lineage, it is possible that these plants rely on RNA silencingindependent transcriptional gene silencing. The partial or complete loss of RNA silencing pathways, thought to be present in the last common ancestor of eukaryotes, has been well documented in many organisms (Cerutti and Casas-Mollano 2006) , and RNA silencing has been found to differ substantially even between members of the same phylum. For example, in RNA-silencing-positive eukaryotes such as Neurospora crassa, Schizosaccharomyces pombe, and Dictyostelium discoideum, RNA silencing machinery appears to be dispensable for DNA and histone methylation of repetitive elements (Freitag et al. 2004; Jia et al. 2004; Kaller et al. 2006) . This certainly provides support that a similar loss could have occurred in conifers. Significantly, however, the hypothesis that conifers rely on RNA silencing-independent transcriptional gene silencing explains neither the existence of a new DCL family, nor the abundance of 21-nt RNAs that we observe in these plants.
Alternatively, and we think more likely, the discovery of a new DCL member and a dominant and sequence-rich 21-nt class of RNA in conifers may indicate that small RNA-mediated regulation of heterochromatin has undergone a significant diversification that has resulted in the evolution of novel DCL genes-and by implication, RNA silencing pathways. Considering that the diverse population of DCL3-produced 24-nt RNAs in A. thaliana targets the methylation of repetitive and transposable DNA elements (Chan et al. 2004; Xie et al. 2004; Matzke and Birchler 2005) , it is likely that, in the absence of the 24-nt RNA class, conifers may use their diverse 21-nt class, presumably produced by the new DCL family, to satisfy a similar role. Yet, due to limitations of the EST data set, the absence of the sequenced gymnosperm genome and the lower sequence and domain structure conservation of DCL proteins relative to other RNA silencing effectors in eukaryotes (Cerutti and Casas-Mollano 2006) , it cannot be ruled out that we simply missed the coding sequence for DCL3 in conifers. In this case, the apparent lack of DCL3-generated 24-nt-long RNAs and the unusual diversity of the 21-nt RNA class in conifers remains to be explained. Sequencing of the DCL proteins and/or the genome of a gymnosperm will shed further light on this important issue.
Interestingly, additional support for our hypothesis may stem from the poorly explained fact that gymnosperms have unusually large genomes, ranging in size from 2.1 to 37.0 Gb (1C values), in contrast to angiosperms, which have much smaller modal genome sizes of z0.6 Gb (Leitch et al. 2005) . Conifer genomes, in particular, while rarely polyploid, are larger than most animal and plant genomes, having a modal genome size of >15 Gb (Ahuja and Neale 2005). According to DNA reassociation kinetics data, 75% of these genomes are comprised of repetitive DNA that includes transposable and retroelements (Rake et al. 1980; Kriebel 1985) . There is substantial evidence indicating that RNA silencing is responsible for keeping transposable and retroelements transcriptionally silenced in flowering plants, thereby limiting their propagation (Henderson and Jacobsen 2007) . RNA interference in eukaryotic organisms other than plants has also been shown to play a role in packaging of repetitive sequences into chromosomes during mitosis/ meiosis (Fukagawa et al. 2004; Martienssen et al. 2005) , which ensures genomic integrity upon cell division. Given that eukaryotic genome size variation is accounted for by the differential amount of noncoding repetitive sequences (Kidwell 2002; Gregory 2005) , and that transcriptional regulation of these sequences, whether RNA directed or not, affects genome stability (Grewal and Moazed 2003; Henderson and Jacobsen 2007) , the difference in RNA silencing pathways that we have demonstrated to exist between conifers and angiosperms may reflect a variation in how these plants maintain and organize their differently sized genomes. Future studies of small RNA biogenesis and function in the gymnosperms will broaden our understanding of the evolution of RNA silencing in plants and its role in genome organization.
MATERIALS AND METHODS

Total RNA extraction
Total RNA from angiosperms, pteridophytes, Ephedra sp., Cycas revoluta, and Ginkgo biloba was extracted from young, actively growing leaf buds. Total RNA from the rest of the gymnosperms was extracted from young needle tips. A detailed extraction protocol is available in Morin et al. (2008) . The concentration of total RNA was measured using a UV-visible spectrophotometer (UV-1601; SHIMADZU).
RNA labeling
RNA extracts were 59-phosphorylated at the concentrations of 60-200 ng/mL for 35 min at 37°C using 0.33 mM [g-32 P]ATP (NEN), 100 mM NaCl, 10 mM MgCl 2 , 1 mM DTT, 50 mM Tris-HCl (pH 7.9), and 0.5 U/mL PNK (New England Biolabs). Labeled RNA extracts were resolved on a 20% denaturing polyacrylamide gel. Synthetic 21-and 24-nt RNAs (Dharmacon) were used as size standards together with 70-nt and 125-nt T7 RNA polymerase transcripts.
Sodium periodate treatment of small RNAs
Radiolabeled total RNA was phenol/chloroform-extracted and resuspended in ddH 2 O. A small fraction was then incubated in 10 mM HEPES (pH 7.4) and 100 mM sodium periodate for 10 min at 22°C. An equal volume of formamide loading dye (supplemented with 5 mM EDTA) was added, and b-elimination was facilitated by heating the reaction mixture for 30 min at 100°C. Products of the reaction were resolved on a denaturing 20% polyacrylamide gel. A synthetic 11-nt RNA marker was radiolabeled as described above (RNA labeling section) and added to the plant sample as an internal control prior to periodate cleavage. Synthetic 21-and 24-nt RNAs (Dharmacon) were used as size standards.
